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Abstract—Conventionally the radiation 
emissions from PCB boards, electronic 
devices and antennas were characterized 
through the near field (NF) – far field (FF) 
transformation to find the equivalent sources. 
In this paper, a new methodology without NF-
FF transformation is presented.  Based on the 
uniqueness theorem, it only employs the 
measured tangential field over a spherical 
surface to rigorously characterize the 
outward radiation emission. The dyadic 
Green’s function for the perfect magnetic 
conductor (PMC) sphere is derived using 
spherical wave functions.  Based on this 
dyadic Green’s function and integral 
equations, the NF–FF transformation is not 
necessary any more. To facilitate feasible near 
field measurements, only the tangential 
magnetic field is needed.  As the proof of the 
concept, the radiations of Hertzian dipoles are 
analyzed. This approach can be directly used 
to characterize the radiation from PCBs and 
antennas. 
I.   INTRODUCTION 
Integrated circuit electromagnetic 
compatibility (IC EMC) has attracted 
intensive attentions in recent years.  In many 
practical systems, integrated circuits, 
especially micro controllers, are considered 
as the main source of electromagnetic 
inferences. Two types of noises emitted by 
ICs: conducted emission and radiated 
emission. The electromagnetic (EM) radiated 
emission is critical to system designers to 
characterize the electromagnetic interference 
(EMI) during the design stage. A broadly 
applied method to characterize this emission 
is the near-field scanning. It employs the 
technologies used for antenna measurements. 
A widely used technique for predicting the 
radiated emission from antennas and PCBs is 
the inversion scattering method [1][2]. From 
near field measurements, the equivalent 
source over the radiation aperture is 
calculated to approximate the original 
radiation of original devices [3][4]. The 
measured field components are either 
electric or magnetic field.  The experimented 
equivalent sources were either 
electric/magnetic current source [1][4][5], or 
electric/magnetic dipoles [2][3][6]. Because 
of the indefinite property of the inverse 
scattering process, it is difficult to find a 
reliable equivalent model to accurately 
characterize radiation emissions. Secondly, 
most former approaches assume the 
existence of PEC or PMC outside radiating 
sources, which leads large errors for 
practical problems. Thirdly, conventional 
methods seldom consider the important 
effects of PCB substrates and shielding 
boxes.   
    In this paper, a new technique based on 
the uniqueness theorem is developed and 
verified.  The uniqueness theorem states that 
only the tangential electric field or tangential 
magnetic field over the closed boundary is 
needed to uniquely determine the 
electromagnetic field.  Hence, it drives us to 
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pursue a novel method that relies only on the 
measured tangential field without the inverse 
scattering procedure. In this paper, the 
tangential field measured at a spherical 
surface is used to calculate the radiation 
directly through the analytical dyadic 
Green’s function for a PMC sphere bounded 
by the measurement surface.  To reduce the 
measurement difficulties, only the magnetic 
field component is required.  Because the 
dyadic Green’s function considers the 
boundary condition of the PMC sphere, no 
NF-FF transformation is further used.  This 
method can precisely characterize the 
radiation from antennas and electronic 
devices such as PCB boards with ICs. Even 
though the uniqueness theorem provides 
hints of the idea, the formulation of this 
technique can be deduced through the 
Equivalence Theorem [7] and Huygens’ 
Principle [8]. Numerical verifications for this 
new technique are demonstrated at the end of 
this paper. Excellent agreements have been 
achieved. 
II. DYADIC GREEN’S FUNCTION 
    The advantage of the near field to far field 
transformation method is its simple free 
space Green’s function (with its images). But 
the uniqueness theorem tells us that to 
characterize the radiated field, only the 
tangential electric field or the tangential 
magnetic field on a closed boundary is 
needed.  It means that a closed measurement 
plane can also be used to calculate the 
radiation correctly based on the measured 
tangential field on it.  But the dyadic Green’s 
functions become very complicated.  For 
many problems, the closed form dyadic 
Green’s functions are not available. In this 
paper, we select a spherical surface totally 
encloses the radiating sources such as 
antennas and PCB boards in it.  It can be 
seen that the dyadic Green’s function can be 
easily derived based on it. 
   The Huygens’ Principle states that the field 
in region II generated by sources in region I 
can be completely represented by the 
tangential fields on a specific closed surface 
which encloses the source region I, as shown 
in Fig. 1. 
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Fig. 1.  A closed surface S encloses the source region 
I. The fields in region II is represented by tangential 
fields on the surface S. 
 
    After measuring tangential fields values 
over the surface S, the field in region II can 
be represented by the formulas as follows [8]: 
ˆ( , ) { ( , ) [ ( )]
s
E r r i G r r n H rωµ′ ′ ′= ×∫∫   
                     ˆ( , ) [ ( )]}G r r n E r dS′ ′+∇× × (1) 
ˆ( , ) { ( , ) [ ( )]
s
H r r i G r r n E rωµ′ ′ ′= − ×∫∫     
                  ˆ( , ) [ ( )]}G r r n H r dS′ ′+∇× × (2)     
where ( , )G r r′ is the dyadic Green’s function 
in the free space; ( )E r′ and ( )H r′ are the 
electric field and the magnetic field 
respectively; is the normal unit vector from 
region I to region II. ˆ ( )n H r′×  represents the 
equivalent tangential electric current on S;  
ˆ ( )n E r′× represents equivalent tangential 
magnetic currents. Since the electric field 
measurement is very sensitive to the probe 
and more difficult to be measured accurately, 
measuring the magnetic field is preferred. 
Hence, it becomes natural to pursue 
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approaches to utilize only the tangential 
magnetic field to determine the fields in 
region II. Further following Love’s 
Equivalence Principle as well as 
Schelkunoff’s Equivalence Principle, the 
field in region I can be assumed null, as 
shown in Fig. 2.  In this case, PMC material 
may fill up region I.  And the contribution to 
the field in region II from magnetic currents 
is zero.  Then the field in region II is 
completely represented merely by the 
tangential magnetic field over S.  In 
Equation (1), the second term on the right is 
zero.  In Equation (2), the first term on the 
right is equal to zero.  However, the dyadic 
Green’s function is no longer the original 
one in free space since the PMC region sets a 
new boundary condition to the integral 
Equation (1) and (2).  Hence, the dyadic 
Green’s function shall be derived under this 
assumption.   
𝐸=𝐻=0
I
𝑀𝑠   𝐽𝑠𝑛� II. 𝜀0, 𝜇0  
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Fig.2. Love’s Equivalence theorem applied to region I. 
    In free space, the dyadic Green’s function 
satisfies the following equation [8]: 
2, , -( ) ( ) ( )r r k r r r rG G Iδ′ ′ ′∇×∇× − =    (3)             
The dyadic Green’s Function can be 
expanded by a set of eigen functions which 
are the solutions of the above Helmholtz 
wave equation. Its representation is as the 
following [9][10]:   
1 ˆˆ( , ) - ( - ')2 4 , nm
ikG r r rr r r C
k n m
δ
π
′ = + ⋅∑  
(1) (1)( ) ( ) ( ) ( ),
(1) (1)( ) ( ) ( ) ( ),
M k M k N k N k r r
M k M k N k N k r r
 ′ ′ ′+ >

 ′ ′ ′+ <     
(4) 
The prime represents the position para- 
meters of the source region. are vector wave 
functions. With the presence of a PMC 
sphere enclosing the original source region 
in the free space, intuitively there must be 
another term representing the scattering from 
the PMC sphere. The free space Green’s 
Function should be modified as follows [9] 
11( , ) ( , ) ( , )sG r r G r r G r r′ ′ ′= +           (5) 
where ( , ')G r r is expressed in Equation (4), 
and 
(1) '(1)
11
,
(1) '(1)
( , ) [ ( ) ( )
4
                                 ( ) ( )]
mn n
m n
n
ikG r r C a M k M k
b N k N k
π
′ =
+
∑
(6) 
where 
[ ] [ ](2 1)( )! / ( 1)( )!mnC n n m n n n m= + − + +  
and vector wave functions M and N can be 
expressed by the scalar wave function ψ in 
the spherical coordinate 
( , , ) ( ) (cos )mn n
imr b kr P e φψ θ φ θ=  
                    ( )M rψ= ∇×                         (7)                         
                     1N M
k
= ∇×                                  
The coefficients na and nb  are determined by 
applying the Dyadic Neumann boundary 
condition on the PMC spherical surface, 
which is expressed in (8) 
            ˆ ( , ) | 0M r Rr G r r =′×∇× =                  (8) 
It yields 
              
(2)
[ ( )]
[ ( )]
n
n
n
j k
a
h k
ρ ρ
ρ
ρ ρ
ρ
∂
∂= −
∂
∂
  
(2)
( )
( )
n
n
n
j kb
h k
ρ
ρ
= −  , k kaρ =               (9) 
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    In this paper, only the field outside the 
region I is concerned. Hence, the dyadic 
Green’s function when r r′> is used. Here, 
r a′ =  since the current is over the PMC 
spherical surface. 
III. RESULTS 
      To verify the accuracy of the proposed 
approach, three case studies were conducted. 
The first one is a z-directed Hertzian dipole 
placed at the original of the spherical 
coordinate. The second one is a two-dipole 
array, one is a z-directed Hertzian dipole 
another one is an x-directed Hertzian dipole. 
The third one is dipole array composed of 
seven z-directed Hertzian dipoles placed 
along the y-axis. For all three cases, the 
amplitude of electric current on the dipole is 
1A and phase is zero. Moreover, all 
tangential magnetic fields over a PMC 
sphere with the radius 0.5 m are calculated 
by the theoretical expression of the 
infinitesimal dipole [11], and the sampling 
interval is five degree both in θ  direction 
and φ  direction.  
       
                 (a)                                                  (b) 
Fig. 3. (a) The Eθ component over a 10 meters’ circle 
centered in x-axis.  (b) The Eθ component over a 10 
meters’ circle centered in z-axis. 
Case One:  Electric far fields on two circles 
with the radius equal to 10 m, centered in x-
axis and y-axis is obtained. The electric far 
field  calculated by our approach is com- 
pared with theoretical results, which are 
shown from Fig. 3. Excellent agreements 
were achieved for theta component of the E-
field over these two different circles. 
                
(a1) Eφ on the circle in yoz plane 
 
(a2) Eθ on the circle in yoz plane 
 
(b1) Eφ on the circle in xoy plane 
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(b2) Eθ on the circle in xoy plane 
Fig.  4. Normalized electric far-field (in dB) over two 
circles with radii equal to 10 meter, respectively in 
yoz and xoy plane. (a) The Eφ and Eθ components over 
the circle centered in the x-axis. (b) The Eφ and 
Eθ components over the circle centered in the z-axis. 
Case Two: In this example, a dipole- array 
composed of two dipoles are considered; one 
is z-directed and placed at (0m, 0m, 0.5m), 
another is x-directed and placed at (0m, 0m, 
-0.5m). Normalized E-fields on two circles 
with the radii equal to 10 m, respectively 
centered in the x-axis (yoz plane) and z axis 
(xoy plane) are compared with the 
theoretical results, which are shown in 
Figure 4.  Excellent agreements were 
achieved for both theta component and phi 
component of the E-field.  
Case Three: In this session, a more complex 
dipole array composed of seven z-directed 
Hertzian dipoles is applied to verify the 
validation and accuracy of our approach. The 
element of dipole array is placed along y-
axis with regular interval of quarter 
wavelength. Also, the magnitude of E-fields 
on two circles with the radii equal to 10 m, 
respectively centered in x-axis (yoz plane) 
and z-axis (xoy plane).  The results are 
shown in Figure 5. 
        
(a) Eθ on the circle in yoz plane    (b) Eθ on the circle       
                                                              in xoy  plane         
Fig. 5. (a) Eθ of the Hertzian dipole array over the 
circle centered in x-axis (yoz plane). (b) Eθ of the 
Hertzian dipole array over the circle centered in z-axis 
(xoy plane).  
      Again excellent agreements are achieved 
for θ components of the E-field on the two 
circles. Based on this example, although the 
far-field pattern of the dipole array is very 
complex, our approach can completely 
characterize its whole radiation pattern even 
for the side lobes.  
IV. CONCLUSIONS 
      The novel method based on the dyadic 
Green’s function and the uniqueness theorem 
for predicting the radiated fields from PCB 
boards and antennas are presented. The 
dyadic Green’s function for the free space in 
the presence of a PMC sphere is derived 
using spherical vector wave functions. Based 
on this dyadic Green’s function and the 
tangential magnetic field over the PMC 
sphere surface, the electric fields at 10 
meters away from the three different 
Hertzian dipoles were calculated. The results 
were compared with theoretical ones. It 
shows that excellent agreements have been 
achieved for both amplitude and phase of the 
field. Since there is almost no approximation 
in the calculation, the proposed method can 
be used generally to predict the radiation 
from PCBs and antennas accurately without 
invoking any NF-FF inverse scattering 
process. 
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